The interaction between coastal ocean flows and the submarine pipeline involved with distinct physical phenomena occurring at a vast range of spatial and temporal scales has always been an important research subject. In this article, the hydrodynamic forces on the submarine pipeline and the characteristics of tidal flows around the pipeline are studied depending on a high-fidelity multi-physics modeling system (SIFOM-FVCOM), which is an integration of the Solver for Incompressible Flow on the Overset Meshes (SIFOM) and the Finite Volume Coastal Ocean Model (FVCOM). The interactions between coastal ocean flows and the submarine pipeline are numerically simulated in a channel flume, the results of which show that the hydrodynamic forces on the pipeline increase with the increase of tidal amplitude and the decrease of water depth. Additionally, when scour happens under the pipeline, the numerical simulation of the suspended pipeline is also carried out, showing that the maximum horizontal hydrodynamic forces on the pipeline reduce and the vertical hydrodynamic forces grow with the increase of the scour depth. According to the results of the simulations in this study, an empirical formula for estimating the hydrodynamic forces on the submarine pipeline caused by coastal ocean flows is given, which might be useful in engineering problems. The results of the study also reveal the basic features of flow structures around the submarine pipeline and its hydrodynamic forces caused by tidal flows, which contributes to the design of submarine pipelines.
Introduction
For decades, much crude oil and natural gas have been found in the ocean, which are constantly mined and utilized with the development of marine science and technology. The exploited oil and gas are usually transported by submarine pipelines. Most of submarine pipelines are laid on the seabed and exposed to the various marine environments directly. The pipelines are strongly affected by forces from the complex marine environments such as unpredictable waves and currents. For example, due to the influence of the water flows, pipelines are prone to vibration damage or stress destruction in the deep sea, while pipelines are easily affected by coastal waves in shallow water. Pipeline accidents lead to not only huge economic losses but also serious marine environmental pollution because of crude oil leakage. In order to reduce accidents on submarine pipelines, it is necessary to carry out deep investigations on the interaction between tide-induced flows and submarine pipelines [1, 2] . incompatibility problems of different scale models according to the domain decomposition method. Besides, the data between SIFOM and FVCOM exchange in the nested meshes directly and march in time simultaneously, which omits the steps of data storage and readout between different models. The calculation time of the coupling model is shortened greatly which can provide predictive results quickly for the engineering practice. Besides, FVCOM as a marine prediction model has been used popularly to forecast the marine environment. So, this model also can predict the realistic coastal flow around the ocean and coastal engineering depending on the present marine conditions to achieve the purpose of the disaster prevention.
The structure of this paper is organized as follows. Firstly, the modeling system is briefly introduced in Section 2, while validations of the system are given in Section 3. Secondly, systematic simulations of the interaction between flows and pipelines are carried out in a numerical channel, the results of which are analyzed with regard to flow structures and hydrodynamic forces in Section 4. Meaningful conclusions of the study and some discussions are listed in Section 5.
Solver for Incompressible Flow on Overset Meshes-Unstructured Grid Finite Volume Coastal Ocean Model (SIFOM-FVCOM) Modeling System
In order to simulate the realistic multi-physics/multi-scale ocean phenomena, the domain decomposition approach is adopted in SIFOM-FVCOM, and the solution data exchange among different overset grids.
SIFOM Modeling
In the SIFOM modeling, the Cartesian coordinate is used as a reference system and the mesh in this model is divided into rectangular grids for the calculation. The I-, J-and K-directions of the rectangular grids are corresponding to the x-, y-and z-directions of the Cartesian coordinate, respectively. The mass and momentum conservation equations are employed to govern three-dimensional flow motion, and Chimera grids and the Schwarz alternative iteration are used in the modeling. The governing equations are as follows:
where ∇ is the gradient operator; u is the velocity vector.
where t is time; ρ 0 is the reference density; p d is the dynamic pressure; ν is the fluid viscosity; ν t is the turbulence viscosity; g is the gravity; ∇ H is the horizontal gradient operator; ζ is the water surface elevation; α is the thermal expansion coefficient; T is the temperature; T 0 is a reference temperature;
β is a coefficient reflecting the expansion; C is the tracer concentration; C 0 is a reference concentration; k is the unit vector in the vertical direction. A second-order accurate, implicit, finite-difference method is used on non-staggered, curvilinear grids. The QUICK scheme [24] is used to discretize convective terms. The odd-even decoupling of the pressure field is eliminated by a third-order, fourth-order difference artificial dissipation method [25] .
FVCOM Modeling
FVCOM is a geophysical fluid dynamics model. The unstructured/triangle mesh is used in the horizontal plane to deal with complicate coastlines. In the vertical direction, in order to obtain a smooth representation of irregular bottom topography in the ocean, all equations are transformed into σ coordinate from z coordinate of the Cartesian coordinate. The coordinate transformation expression is written as follows:
where z is the vertical position of a certain water level, ζ is the water surface elevation, H is the bottom depth and D is the total water column depth ( Figure 1 ). The initial water surface is located at the z = 0 m and σ varies from −1 at the bottom to 0 at the surface. In the vertical direction of σ coordinate, the calculation domain is divided by many layers, which is referred to as σ-grids. FVCOM consists of an external mode and an internal mode. Every mode includes continuity and momentum equations as the governing equations. A second-order accurate finite volume method is used in the model, which is able to preserve conservation of mass and momentum accurately. The governing equations of external mode are averaged governing equations in the σ-coordinate: 
where V is the depth-averaged velocity vector; τb is the shear stress on the seabed; τs is the shear stress on the water surface; G includes Coriolis force and water friction force. In the internal mode, the three dimensional governing equations are used based on the hydrostatic assumption: 
where V is the horizontal velocity; ω is the vertical velocity in σ coordinate; e is the strain rate; H stands for the residual terms; κ and λ are coefficients. In the two modes of FVCOM, the time derivative terms are discretized by the Runge-Kutta method, and the convection terms are discretized using upwind schemes [26] .
Coupling Strategy of SIFOM-FVCOM Modeling
From the above discussion of the SIFOM and FVCOM, it demonstrates that two models are different in computational meshes, governing equations and numerical algorithms. In order to simulate the multi-physics/multi-scale ocean flow, the SIFOM and FVCOM must be integrated using a coupling strategy, which is presented in this section. FVCOM consists of an external mode and an internal mode. Every mode includes continuity and momentum equations as the governing equations. A second-order accurate finite volume method is used in the model, which is able to preserve conservation of mass and momentum accurately. The governing equations of external mode are averaged governing equations in the σ-coordinate:
where V is the depth-averaged velocity vector; τ b is the shear stress on the seabed; τ s is the shear stress on the water surface; G includes Coriolis force and water friction force. In the internal mode, the three dimensional governing equations are used based on the hydrostatic assumption:
From the above discussion of the SIFOM and FVCOM, it demonstrates that two models are different in computational meshes, governing equations and numerical algorithms. In order to simulate the multi-physics/multi-scale ocean flow, the SIFOM and FVCOM must be integrated using a coupling strategy, which is presented in this section.
The sketch of the devised domains around the submarine pipeline is shown in Figure 2 . The models of SIFOM and FVCOM overlap around the submarine pipeline. Ω SIFOM and Ω FVCOM are the calculation domains of SIFOM and FVCOM, respectively. The boundaries of ∂Ω SIFOM and ∂Ω FVCOM are the interfaces of SIFOM and FVCOM, respectively. Ω SIFOM-FVCOM is the zone of SIFOM enclosed between the seabed and the red dashed line of ∂Ω FVCOM . In the overlap domain, SIFOM and FVCOM exchange solutions at the interfaces of ∂Ω SIFOM and ∂Ω FVCOM . The sketch of the devised domains around the submarine pipeline is shown in Figure 2 . The models of SIFOM and FVCOM overlap around the submarine pipeline. ΩSIFOM and ΩFVCOM are the calculation domains of SIFOM and FVCOM, respectively. The boundaries of ∂ΩSIFOM and ∂ΩFVCOM are the interfaces of SIFOM and FVCOM, respectively. ΩSIFOM-FVCOM is the zone of SIFOM enclosed between the seabed and the red dashed line of ∂ΩFVCOM. In the overlap domain, SIFOM and FVCOM exchange solutions at the interfaces of ∂ΩSIFOM and ∂ΩFVCOM. The velocity u of SIFOM are the same as the velocity u(V, ω) of FVCOM. The velocity values are exchanged from FVCOM to SIFOM at the interfaces.
Due to the change of water level and velocity, the pressures in a domain of SIFOM includes the static pressure and hydrodynamic pressure.
where z is vertical position of a certain water level. When the solutions of SIFOM exchange to FVCOM, similar conditions are adopted:
In these conditions, the solution exchange from the SIFOM to FVCOM is also conducted in the domain of ΩSIFOM-FVCOM which is called the blanket zone. In this way, the structure of FVCOM does not need to be modified around the submarine pipeline. In the blanked zone, the solution values are redistributed and interpolated on the domain of FVCOM.
The coupling solving process between SIFOM and FVCOM can be seen in the Appendix.
Modeling System Validation
Depending on the investigation data of DF1-1 submarine pipeline off the west coast of Dongfang, Hainan Island, the measured maximum near-bed current velocity varies between 0.40 m/s and 0.91 m/s and the submarine pipeline diameter changes from 0.30 m to 1.60 m [27] . It is noted that when the submarine pipeline lays on the seabed, due to the influence of the seabed boundary layer on the tidal flow, the velocity around the pipeline is not so much that the Reynolds numbers are in the supercritical flow regime. Based on this prototype conditions, in order to ensure the SIFOM-FVCOM modeling system works appropriately, three flows are simulated and the results are compared with existing experimental data. The velocity u of SIFOM are the same as the velocity u(V, ω) of FVCOM. The velocity values are exchanged from FVCOM to SIFOM at the interfaces.
In these conditions, the solution exchange from the SIFOM to FVCOM is also conducted in the domain of Ω SIFOM-FVCOM which is called the blanket zone. In this way, the structure of FVCOM does not need to be modified around the submarine pipeline. In the blanked zone, the solution values are redistributed and interpolated on the domain of FVCOM.
The coupling solving process between SIFOM and FVCOM can be seen in the Appendix A.
Depending on the investigation data of DF1-1 submarine pipeline off the west coast of Dongfang, Hainan Island, the measured maximum near-bed current velocity varies between 0.40 m/s and 0.91 m/s and the submarine pipeline diameter changes from 0.30 m to 1.60 m [27] . It is noted that when the submarine pipeline lays on the seabed, due to the influence of the seabed boundary layer on the tidal flow, the velocity around the pipeline is not so much that the Reynolds numbers are in the supercritical flow regime. Based on this prototype conditions, in order to ensure the SIFOM-FVCOM modeling system works appropriately, three flows are simulated and the results are compared with existing experimental data.
Validation on Flow Velocity and Vortex
The first test is that a steady current passes a cylinder which is suspended above the ground. The flow parameters employed in the computation are the same as those in the experiments by Jensen [28] . The total water depth is 0.6 m and Reynolds number is 7000 which is based on the incoming velocity of The ratio of the gap between the bottom and pipeline to the pipeline diameter is 0.37. The cylinder center was placed at (x, y) = (0 m, −0.513 m). In the simulation, a rectangular flow domain is considered. The length and width of the calculation domain are 10 m and 5 m, respectively. SIFOM encloses the region near the pipeline, while FVCOM covers the region away from it. There are two sets of meshes (G1 and G2) in SIFOM and one set of meshes in FVCOM (Figure 3) . The grid layer is nested, and the density of the grid is increasing from the far field to the pipeline and seabed.
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The first test is that a steady current passes a cylinder which is suspended above the ground. The flow parameters employed in the computation are the same as those in the experiments by Jensen [28] . The total water depth is 0.6m and Reynolds number is 7000 which is based on the incoming velocity of 0.07 m/s and pipeline diameter of 0.1 m. The ratio of the gap between the bottom and pipeline to the pipeline diameter is 0.37. The cylinder center was placed at (x, y) = (0 m, −0.513 m). In the simulation, a rectangular flow domain is considered. The length and width of the calculation domain are 10 m and 5 m, respectively. SIFOM encloses the region near the pipeline, while FVCOM covers the region away from it. There are two sets of meshes (G1 and G2) in SIFOM and one set of meshes in FVCOM (Figure 3) . The grid layer is nested, and the density of the grid is increasing from the far field to the pipeline and seabed. Due to the disturbance of the cylinder, the flow behind the cylinder is unsteady (Figure 4 ). The mean horizontal and vertical velocities of instantaneous solutions are presented in Figure 4b ,c, respectively. It is seen that there is little difference between the results modeled by SIFOM alone and SIFOM-FVCOM, which is attributed to the fact that the top boundary of the computational domain is considered a rigid plane using SIFOM alone, whereas the one using SIFOM-FVCOM is treated as a free surface. Besides, the coupling strategy between SIFOM and FVCOM might leads to small errors. In short, the results obtained with SIFOM-FVCOM system agree reasonably with computational and experimental results in the literature.
The second test is a 3D flow passes a square cylinder at bottom of a channel. The length and width of the channel are 54 m and 30 m, respectively. The water depth is 3.14 m and Reynolds number is 21,400 which is based on the incoming velocity of 0.02 m/s and the square length of 1 m. The flow field around the square cylinder is shown in Figure 5a , which is simulated by the SIFOM-FVCOM system. The result of SIFOM-FVCOM in Figure 5b is an average of instantaneous solution over time. The comparison of the velocity distribution also shows that the SIFOM-FVCOM system produces results that agree well with existing data in the literature. Due to the disturbance of the cylinder, the flow behind the cylinder is unsteady (Figure 4 ). The mean horizontal and vertical velocities of instantaneous solutions are presented in Figure 4b ,c, respectively. It is seen that there is little difference between the results modeled by SIFOM alone and SIFOM-FVCOM, which is attributed to the fact that the top boundary of the computational domain is considered a rigid plane using SIFOM alone, whereas the one using SIFOM-FVCOM is treated as a free surface. Besides, the coupling strategy between SIFOM and FVCOM might leads to small errors. In short, the results obtained with SIFOM-FVCOM system agree reasonably with computational and experimental results in the literature.
The second test is a 3D flow passes a square cylinder at bottom of a channel. The length and width of the channel are 54 m and 30 m, respectively. The water depth is 3.14 m and Reynolds number is 21,400 which is based on the incoming velocity of 0.02 m/s and the square length of 1 m. The flow field around the square cylinder is shown in Figure 5a , which is simulated by the SIFOM-FVCOM system. The result of SIFOM-FVCOM in Figure 5b is an average of instantaneous solution over time. The comparison of the velocity distribution also shows that the SIFOM-FVCOM system produces results that agree well with existing data in the literature. 
Validation on Force
In order to ensure the accuracy of the simulation, validation on force is also necessary, which is the case of the flow crossing a circular cylinder with the Re = 1.2 × 10 6 . The velocity of incoming steady current is about 1.2 m/s. The water depth is about 10 m. The pipeline diameter is 1.0 m. The 
In order to ensure the accuracy of the simulation, validation on force is also necessary, which is the case of the flow crossing a circular cylinder with the Re = 1.2 × 10 6 . The velocity of incoming Figure 7a displays the predicted mean pressure distribution (Cp = (pc−pc∞)/(0.5ρU 2 ∞)), compared with the experimental data and simulation results. Here, pc is the static pressure at the peripheral angle θ of the cylinder, and θ is clockwise angle from the stagnation point. pc∞ is the static pressure of the flow at infinity. The predictions of the skin friction coefficient (Cf = τ/(0.5ρU 2 ∞)) are shown in Figure 7b . Here, τ is the tangential wall shear stress. In the figures, the simulation data are collected by the SIFOM-FVCOM system. The 3D LES and URANS results [9, 31] are plotted for comparison. It is well known that the flow in the separation point region has a strong pressure gradient, and there is little difference between simulation and experimental results. In short, the simulation results agree well with the measurements around the cylinder. 
Results and Discussions

Hydrodynamics around Submarine Pipeline with No Scour
In this section, the hydrodynamics around the submarine pipeline with no scour is studied based on the SIFOM-FVCOM coupling model. The influence of different pipeline diameters, tidal amplitudes and water depths on the flow structure and hydrodynamic forces on the pipeline is also researched. According to the research results, empirical formulas of hydrodynamic forces under tidal flows are proposed. Figure 7b . Here, τ is the tangential wall shear stress. In the figures, the simulation data are collected by the SIFOM-FVCOM system. The 3D LES and URANS results [9, 31] are plotted for comparison. It is well known that the flow in the separation point region has a strong pressure gradient, and there is little difference between simulation and experimental results. In short, the simulation results agree well with the measurements around the cylinder. Figure 7a displays the predicted mean pressure distribution (Cp = (pc−pc∞)/(0.5ρU 2 ∞)), compared with the experimental data and simulation results. Here, pc is the static pressure at the peripheral angle θ of the cylinder, and θ is clockwise angle from the stagnation point. pc∞ is the static pressure of the flow at infinity. The predictions of the skin friction coefficient (Cf = τ/(0.5ρU 2 ∞)) are shown in Figure 7b . Here, τ is the tangential wall shear stress. In the figures, the simulation data are collected by the SIFOM-FVCOM system. The 3D LES and URANS results [9, 31] are plotted for comparison. It is well known that the flow in the separation point region has a strong pressure gradient, and there is little difference between simulation and experimental results. In short, the simulation results agree well with the measurements around the cylinder. 
Results and Discussions
Hydrodynamics around Submarine Pipeline with No Scour
In this section, the hydrodynamics around the submarine pipeline with no scour is studied based on the SIFOM-FVCOM coupling model. The influence of different pipeline diameters, tidal amplitudes and water depths on the flow structure and hydrodynamic forces on the pipeline is also researched. According to the research results, empirical formulas of hydrodynamic forces under tidal flows are proposed. 
Results and Discussions
Hydrodynamics around Submarine Pipeline with No Scour
In this section, the hydrodynamics around the submarine pipeline with no scour is studied based on the SIFOM-FVCOM coupling model. The influence of different pipeline diameters, tidal amplitudes and water depths on the flow structure and hydrodynamic forces on the pipeline is also researched. According to the research results, empirical formulas of hydrodynamic forces under tidal flows are proposed.
The Mesh and Calculation Setting
In order to understand the hydrodynamics at submarine pipelines in tidal flows, a modeling study has been made for a problem depicted in Figure 8 .
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In order to understand the hydrodynamics at submarine pipelines in tidal flows, a modeling study has been made for a problem depicted in Figure 8 . The influence factors include pipeline diameter, tide amplitude and water depth. The computational domain is 50 km in length, 200 m in width, with a pipeline laid on the seabed. The boundaries of the computational domain are controlled by the tidal elevation. The mesh of FVCOM covers the entire flow domain, and SIFOM contains three sets of grids, one (G3) of which wraps the pipeline, with the other two sets of grids (G1 and G2) enclosing the rest of the near-field region, as shown in Figure 9 The surface elevation at the boundaries of the flow domain is prescribed as Asin(kx − ωt), in which A is the amplitude of the tide, k the wave number, and ω the frequency. Considering the regular semi-diurnal tide, the period of the tide is set to be 12 h, which corresponds to astronomical tides.
The meshes include 1360 elements in the horizontal plane and 21 layers of grids in the vertical direction in the FVCOM. As for the SIFOM, the pipeline diameter has some effects on the mesh which closes to the pipeline (namely, grid G3 in Figure 9 ), because there is a fluid boundary layer around the pipeline. If the mesh is so rough that the boundary layer is ignored, the detailed flow characteristics around the pipeline are hard to be captured and the accuracy of the results may be lower by 20% to 40% than the actual results. In order to ensure the accuracy of the simulation, the Y-plus theory [32] is adopted when the mesh is set around the pipeline. When the pipeline diameter is 0.3 m, the layer thickness of mesh next to the pipeline is the minimum of 0.001 m which is also satisfied for the simulations of the larger pipelines. Then, the layer thickness of mesh increases from the first boundary layer of 0.001 m based on the increasing ratio of 1.12. It can not only ensure the calculation accuracy, but also reduce the number of grids resulting in the reduction of the computing time.
With the expansion of the calculation range in SIFOM, compared with the flow field, the pipeline is rather smaller and the effect of the pipeline on the whole field flow is weak. Besides, with the increase of the mesh layer based on the increasing ratio of 1.12, the effect of the pipeline diameter on the scale of grids also can be ignored in the far flow field. So, the lengths in x-direction of the grids (G1 and G2) are the similar in all cases in this section. In summary, the total number of grids in SIFOM is 39,996, with grid spacing refined as 0.001 m at the wall of the pipe and the seabed. The influence factors include pipeline diameter, tide amplitude and water depth. The computational domain is 50 km in length, 200 m in width, with a pipeline laid on the seabed. The boundaries of the computational domain are controlled by the tidal elevation. The mesh of FVCOM covers the entire flow domain, and SIFOM contains three sets of grids, one (G3) of which wraps the pipeline, with the other two sets of grids (G1 and G2) enclosing the rest of the near-field region, as shown in Figure 9 The surface elevation at the boundaries of the flow domain is prescribed as Asin(kx − ωt), in which A is the amplitude of the tide, k the wave number, and ω the frequency. Considering the regular semi-diurnal tide, the period of the tide is set to be 12 h, which corresponds to astronomical tides.
With the expansion of the calculation range in SIFOM, compared with the flow field, the pipeline is rather smaller and the effect of the pipeline on the whole field flow is weak. Besides, with the increase of the mesh layer based on the increasing ratio of 1.12, the effect of the pipeline diameter on the scale of grids also can be ignored in the far flow field. So, the lengths in x-direction of the grids (G1 and G2) are the similar in all cases in this section. In summary, the total number of grids in SIFOM is 39,996, with grid spacing refined as 0.001 m at the wall of the pipe and the seabed. 
Effect of Pipeline Diameter
In this simulation, the influence of pipeline diameter on hydrodynamic forces acting on the pipeline is studied. The meshes and calculation settings are represented in the Section 4.1. In the calculation domain, a gauge is set above the pipeline to monitor the free surface elevations, which indicates that the numerical result satisfies the analytical result well (Figure 10) . Therefore, the target tide can be simulated accurately in the study. In the calculation domain, a gauge is set above the pipeline to monitor the free surface elevations, which indicates that the numerical result satisfies the analytical result well (Figure 10) . Therefore, the target tide can be simulated accurately in the study. In the calculation domain, a gauge is set above the pipeline to monitor the free surface elevations, which indicates that the numerical result satisfies the analytical result well (Figure 10) . Therefore, the target tide can be simulated accurately in the study. When the pipeline diameter is 1 m, the instantaneous flow structures at time instant t 1 , t 2 and t 3 are depicted in Figure 11 . At time t 1 , the flow velocity of the whole flow field is quite low (Figure 10a ) since the flood tide has just begun. It is seen that there is one vortex behind the pipeline at the beginning of the development of flow field. The length of vortex is about 4 m and the shape of the vortex is flat. The vortex under tidal flow is much more than that under the wave, because the vortex formation is subject to several influence factors that the period of the tide is very long and the velocity changes slowly. Correspondingly, the period of vortex shedding is also relatively long and the swirl evolves slowly. Meanwhile, the seabed also affects the formation of the whirlpool to some extent. Then, the tide flow moves towards the right gradually, leading to a number of vortices behind or at the right side of the pipe at time t 2 (Figure 11b ). At this time, both the velocity of the flow field and the forces on the pipeline reach the maximum. When the tide has reversed its direction afterwards at time t 3 , there are still some vortices at the left side of the pipe (Figure 11c) . Interestingly, at this moment, the reversed current takes place underneath the top current, which remains flowing towards the right; while the middle and bottom layers of water move in opposite directions. The flow is very weak at this time and there is a larger whirlpool appearing at the intersection of the flow field. When the pipeline diameter is 1 m, the instantaneous flow structures at time instant t1, t2 and t3 are depicted in Figure 11 . At time t1, the flow velocity of the whole flow field is quite low (Figure 10a ) since the flood tide has just begun. It is seen that there is one vortex behind the pipeline at the beginning of the development of flow field. The length of vortex is about 4 m and the shape of the vortex is flat. The vortex under tidal flow is much more than that under the wave, because the vortex formation is subject to several influence factors that the period of the tide is very long and the velocity changes slowly. Correspondingly, the period of vortex shedding is also relatively long and the swirl evolves slowly. Meanwhile, the seabed also affects the formation of the whirlpool to some extent. Then, the tide flow moves towards the right gradually, leading to a number of vortices behind or at the right side of the pipe at time t2 (Figure 11b ). At this time, both the velocity of the flow field and the forces on the pipeline reach the maximum. When the tide has reversed its direction afterwards at time t3, there are still some vortices at the left side of the pipe (Figure 11c) . Interestingly, at this moment, the reversed current takes place underneath the top current, which remains flowing towards the right; while the middle and bottom layers of water move in opposite directions. The flow is very weak at this time and there is a larger whirlpool appearing at the intersection of the flow field. When the pipeline diameter changes and the tidal free surface elevation above the pipeline reaches the maximum, the flow fields are shown in Figure 12 . With the increase of pipeline diameter, the velocity above the pipeline increases and the swirls behind the pipeline become bigger and bigger, while the vortices fall off the pipeline constantly with a flat and long shape. When the pipeline diameter changes and the tidal free surface elevation above the pipeline reaches the maximum, the flow fields are shown in Figure 12 . With the increase of pipeline diameter, the velocity above the pipeline increases and the swirls behind the pipeline become bigger and bigger, while the vortices fall off the pipeline constantly with a flat and long shape. When the pipeline diameter is 1 m, the hydrodynamic forces on the pipeline are displayed in the Figure 13 . The time instants t 1 , t 2 and t 3 correspond to three moments of flow files in Figure 11a -c, respectively. The simulation time of tidal flow is four days, namely 96 h. f x and f z are the horizontal and vertical hydrodynamic forces on unit length of pipeline, respectively. The maximum horizontal and vertical hydrodynamic forces are 108.96 N/m and 29.42 N/m, respectively. The dotted line represents the simulation results of SIFOM-FVCOM, while the solid line is the filtering curve which is an average curve made with a filtering frequency of 0.30 Hz depending on the simulation results. There are two reasons for the addition of the filtering curve in every figure. Firstly, due to the turbulence of local flow around the pipeline, the simulation forces on the pipeline fluctuate to a certain extent in a short time. With the fluctuation of the tide, the forces on the pipeline also fluctuate regularly in a long time. In order to show the fluctuation regularity of the force in the long period, the smooth fitting filtering line is calculated. Secondly, due to the filtering curves are smooth and match the simulation results well, when the effects of different influence factors on the forces are analyzed, the filtering curves can be as the reference lines which can obviously demonstrate the force changes in different conditions. In order to compare the forces in the different cases conveniently, the predicted horizontal and vertical hydrodynamic forces are normalized with the hydrostatic force in this basic case. The formula of the hydrostatic force is written as: F s = ρgHS where ρ is water density, g is the gravity, H is the water depth, S is the section area of the pipeline (S = πD 2 /4). (In the rest of the paper, the predicted hydrodynamic forces are also normalized using this force). The non-dimensional horizontal and vertical forces are represented by fx* and fz*. Due to the oscillatory flow of the tide, the forces on the pipeline change periodically and symmetrically with a period of 12 h. At the beginning of the simulation, the unstable flow causes the force to fluctuate severely. When the flow field becomes stable after about 20 h, the change of force tends to become gentle gradually. However, because of the turbulence of flow, there is still little fluctuation of forces. Furthermore, the hydrodynamic forces on the pipeline at the flood tide are larger than that at the ebb tide. Because in the process of tide propagation, the higher the tidal elevates, the larger the bottom horizontal velocity grows. The difference of velocity leads to the change of the hydrodynamic forces. From the figure, it is seen that the horizontal force has two peaks that are about the same in magnitude but opposite in direction, while the vertical force is always in the upward direction. The peak values in the horizontal and vertical directions occur at the same time. There are two reasons for the addition of the filtering curve in every figure. Firstly, due to the turbulence of local flow around the pipeline, the simulation forces on the pipeline fluctuate to a certain extent in a short time. With the fluctuation of the tide, the forces on the pipeline also fluctuate regularly in a long time. In order to show the fluctuation regularity of the force in the long period, the smooth fitting filtering line is calculated. Secondly, due to the filtering curves are smooth and match the simulation results well, when the effects of different influence factors on the forces are analyzed, the filtering curves can be as the reference lines which can obviously demonstrate the force changes in different conditions. In order to compare the forces in the different cases conveniently, the predicted horizontal and vertical hydrodynamic forces are normalized with the hydrostatic force in this basic case. The formula of the hydrostatic force is written as: Fs = ρgHS where ρ is water density, g is the gravity, H is the water depth, S is the section area of the pipeline (S = πD 2 /4). (In the rest of the paper, the predicted hydrodynamic forces are also normalized using this force). The non-dimensional horizontal and vertical forces are represented by fx* and fz*. Due to the oscillatory flow of the tide, the forces on the pipeline change periodically and symmetrically with a period of 12 h. At the beginning of the simulation, the unstable flow causes the force to fluctuate severely. When the flow field becomes stable after about 20 hours, the change of force tends to become gentle gradually. However, because of the turbulence of flow, there is still little fluctuation of forces. Furthermore, the hydrodynamic forces on the pipeline at the flood tide are larger than that at the ebb tide. Because in the process of tide propagation, the higher the tidal elevates, the larger the bottom horizontal velocity grows. The difference of velocity leads to the change of the hydrodynamic forces. From the figure, it is seen that the horizontal force has two peaks that are about the same in magnitude but opposite in direction, while the vertical force is always in the upward direction. The peak values in the horizontal and vertical directions occur at the same time. The simulation results and filtering curve of hydrodynamic forces with different pipeline diameters are shown in Figure 14 . All the hydrodynamic forces on the submarine pipeline oscillate intensely at the beginning of simulation due to the unsteady tidal flow. When the tidal flow becomes stable, with the increase of pipeline diameter, the projection area in the force direction also enlarges, leading to a larger force on the pipeline. The simulation results and filtering curve of hydrodynamic forces with different pipeline diameters are shown in Figure 14 . All the hydrodynamic forces on the submarine pipeline oscillate intensely at the beginning of simulation due to the unsteady tidal flow. When the tidal flow becomes stable, with the increase of pipeline diameter, the projection area in the force direction also enlarges, leading to a larger force on the pipeline. Depending on the simulation results, the maximum force values at different pipelines are drawn in Figure 15 , where the red and blue lines are the fitting curves. It can be seen more clearly that the maximum force value increases as the pipe diameter increases. Depending on the simulation results, the maximum force values at different pipelines are drawn in Figure 15 , where the red and blue lines are the fitting curves. It can be seen more clearly that the maximum force value increases as the pipe diameter increases. Figure 16 shows the flow fields around the pipeline when the crest of the tide is at the top of the pipeline. When the tidal amplitude is 0.25 m, the maximum velocity around the pipeline is 0.35 m/s. As the tidal amplitude reaches 2.5 m, the maximum velocity around the pipeline increases to about 1 m/s. The higher the tidal water elevation is, the larger the velocity grows. Additionally, there are whirlpools formed and shed behind the pipeline at all flow velocities. The simulation results of hydrodynamic forces are depicted in Figure 17 . It is seen that the oscillation of force curves is severer with the tidal amplitude of 0.25 m than that of other curves because larger tidal amplitude leads to larger velocity around the pipeline, thus a larger force. When the hydrodynamic forces are more than the forces caused by flow turbulence, the influence of turbulence on the pipeline appears weak. In addition, the performance of the hydrodynamic forces on the pipeline is more obvious with the increase of tidal amplitude. The simulation results of hydrodynamic forces are depicted in Figure 17 . It is seen that the oscillation of force curves is severer with the tidal amplitude of 0.25 m than that of other curves because larger tidal amplitude leads to larger velocity around the pipeline, thus a larger force. When the hydrodynamic forces are more than the forces caused by flow turbulence, the influence of turbulence on the pipeline appears weak. In addition, the performance of the hydrodynamic forces on the pipeline is more obvious with the increase of tidal amplitude. In Figure 18 , the maximum force values at different tidal amplitudes are displayed. As the tidal amplitude changes from 0.5 m to 1.5 m, the slope of the fitting curve reaches the largest and the increase rate of the pipeline force reaches its fastest level. In Figure 18 , the maximum force values at different tidal amplitudes are displayed. As the tidal amplitude changes from 0.5 m to 1.5 m, the slope of the fitting curve reaches the largest and the increase rate of the pipeline force reaches its fastest level. As can be seen in Figure 19 , with the increase of water depth, the velocity of the flow field around the pipeline decreases. Due to the obstruction of the pipeline, the backflow in the front of the pipeline leads to the formation of the whirlpool, and there are also some vortexes behind the pipeline.
The simulation results of hydrodynamic forces on the submarine pipeline at different water depth are displayed in Figure 20 . Due to the turbulence around the pipeline, the simulation curve of force is not smooth. With the increase of water depth, the hydrodynamic forces on the submarine pipeline continue to decrease; however, the static pressure on the pipeline increases. Therefore, for pipelines laid on the deep sea, static pressure is the main factor which leads to damage of the pipelines. As can be seen in Figure 19 , with the increase of water depth, the velocity of the flow field around the pipeline decreases. Due to the obstruction of the pipeline, the backflow in the front of the pipeline leads to the formation of the whirlpool, and there are also some vortexes behind the pipeline.
The simulation results of hydrodynamic forces on the submarine pipeline at different water depth are displayed in Figure 20 . Due to the turbulence around the pipeline, the simulation curve of force is not smooth. With the increase of water depth, the hydrodynamic forces on the submarine pipeline continue to decrease; however, the static pressure on the pipeline increases. Therefore, for pipelines laid on the deep sea, static pressure is the main factor which leads to damage of the pipelines. The maximum values of hydrodynamic forces at different water depth are shown in Figure 21 . As can be seen, the influence of the water depth on the hydrodynamic forces is quite weak for cases of water depth exceeding 25 m. The maximum values of hydrodynamic forces at different water depth are shown in Figure 21 . As can be seen, the influence of the water depth on the hydrodynamic forces is quite weak for cases of water depth exceeding 25 m. 
Hydrodynamic Forces on the Submarine Pipeline
The computed hydrodynamic forces on the pipe consist of the pressure and the shear stress, which are affected by the flow characteristics. All the influence factors (pipeline diameter, tidal amplitude and water depth) induce the change of flow characteristics which can be reflected by the characteristic coefficients of Froude number and Reynolds number. For example, Reynolds number can be used to distinguish the laminar and turbulent flow. Besides, the hydrodynamic forces are also related to the characteristic coefficients, for instance, the resistance of the body in flow can be characterized by Reynolds number and the relative magnitude of inertia force to the gravity can be characterized by Froude number. So, the maximum hydrodynamic forces are considered to be a function of the Froude and Reynolds numbers. Depending on the method of the polynomial fitting and the discrete data of the maximum forces in previous research, the two fitting curves are determined. The maximum horizontal and vertical forces (Fx,max and Fz,max) in every case are normalized by FD = Fx,max/(ρgDA) and FL = Fz,max/(ρgDA), respectively. In order to eliminate the effect of the constant value of the kinematic viscosity coefficient on the empirical coefficients of the formulas, the Reynolds number is redefined by the Re* = Re|ν|, where |ν| is the value of the kinematic viscosity coefficient. The formulas for the maximums of hydrodynamic forces are written as:
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The computed hydrodynamic forces on the pipe consist of the pressure and the shear stress, which are affected by the flow characteristics. All the influence factors (pipeline diameter, tidal amplitude and water depth) induce the change of flow characteristics which can be reflected by the characteristic coefficients of Froude number and Reynolds number. For example, Reynolds number can be used to distinguish the laminar and turbulent flow. Besides, the hydrodynamic forces are also related to the characteristic coefficients, for instance, the resistance of the body in flow can be characterized by Reynolds number and the relative magnitude of inertia force to the gravity can be characterized by Froude number. So, the maximum hydrodynamic forces are considered to be a function of the Froude and Reynolds numbers. Depending on the method of the polynomial fitting and the discrete data of the maximum forces in previous research, the two fitting curves are determined. The maximum horizontal and vertical forces (F x,max and F z,max ) in every case are normalized by F D = F x,max /(ρgDA) and F L = F z,max /(ρgDA), respectively. In order to eliminate the effect of the constant value of the kinematic viscosity coefficient on the empirical coefficients of the formulas, the Reynolds number is redefined by the Re* = Re|ν|, where |ν| is the value of the kinematic viscosity coefficient. The formulas for the maximums of hydrodynamic forces are written as: 
Hydrodynamics around Submarine Pipeline with Scour
Due to the influence of flows on the sediment of seabed, the scour around the pipeline on the seabed occurs easily which may induce suspension of the pipeline. The Figure 23a shows the scour morphology around the DF1-1 submarine pipeline which lies off the west coast of Dongfang, Hainan Island. The data of scour hole in Figure 23b are measured using a dual-frequency side-scan sonar and a swath sounder system [27] . 
Due to the influence of flows on the sediment of seabed, the scour around the pipeline on the seabed occurs easily which may induce suspension of the pipeline. The Figure 23a shows the scour morphology around the DF1-1 submarine pipeline which lies off the west coast of Dongfang, Hainan Island. The data of scour hole in Figure 23b are measured using a dual-frequency side-scan sonar and a swath sounder system [27] . Depending on the measurement, the formula of fitting curve of scour hole is evaluated as:
. 0 (13) in which the deepest point of the scour hole is defined as the original point, namely x = 0; h is the depth of the scour hole.
In this section, three different cases are simulated and analyzed. Based on the fitting Equation (14) When the wave crest of tide is at the top of the pipeline, the velocity of flow field reaches the maximum and the flow fields are shown in Figures 25a-27a . The flow velocity above the pipeline decreases with the increase of the scour depth, since when the depth of scour hole increases, more Depending on the measurement, the formula of fitting curve of scour hole is evaluated as:
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In this section, three different cases are simulated and analyzed. Based on the fitting Equation (14) When the wave crest of tide is at the top of the pipeline, the velocity of flow field reaches the maximum and the flow fields are shown in Figures 25a-27a . The flow velocity above the pipeline decreases with the increase of the scour depth, since when the depth of scour hole increases, more When the wave crest of tide is at the top of the pipeline, the velocity of flow field reaches the maximum and the flow fields are shown in Figures 25a-27a . The flow velocity above the pipeline decreases with the increase of the scour depth, since when the depth of scour hole increases, more water passes the scour hole below the pipeline which induces the volume of water above the pipeline to decrease. Besides, vortex shedding can be found behind the pipeline in every case. In Figures 26a  and 27a , it is seen that the backflow leads to the formation of whirlpools at the upward slope of scour hole as a result of the obstruction of the pipeline.
Under the effect of the tidal flow, hydrodynamic forces on the pipeline change cyclically (Figures 25b-27b) . The vertical forces stay negative since the average velocity above the pipeline is smaller than that under the pipeline, while the vertical downward force on the pipeline greater than the upward force according to the Bernoulli equation. water passes the scour hole below the pipeline which induces the volume of water above the pipeline to decrease. Besides, vortex shedding can be found behind the pipeline in every case. In Figures 26a and 27a , it is seen that the backflow leads to the formation of whirlpools at the upward slope of scour hole as a result of the obstruction of the pipeline. Under the effect of the tidal flow, hydrodynamic forces on the pipeline change cyclically (Figures 25b-27b) . The vertical forces stay negative since the average velocity above the pipeline is smaller than that under the pipeline, while the vertical downward force on the pipeline greater than the upward force according to the Bernoulli equation. water passes the scour hole below the pipeline which induces the volume of water above the pipeline to decrease. Besides, vortex shedding can be found behind the pipeline in every case. In Figures 26a and 27a , it is seen that the backflow leads to the formation of whirlpools at the upward slope of scour hole as a result of the obstruction of the pipeline. Under the effect of the tidal flow, hydrodynamic forces on the pipeline change cyclically (Figures 25b-27b) . The vertical forces stay negative since the average velocity above the pipeline is smaller than that under the pipeline, while the vertical downward force on the pipeline greater than the upward force according to the Bernoulli equation. water passes the scour hole below the pipeline which induces the volume of water above the pipeline to decrease. Besides, vortex shedding can be found behind the pipeline in every case. In Figures 26a and 27a , it is seen that the backflow leads to the formation of whirlpools at the upward slope of scour hole as a result of the obstruction of the pipeline. Under the effect of the tidal flow, hydrodynamic forces on the pipeline change cyclically (Figures 25b-27b) . The vertical forces stay negative since the average velocity above the pipeline is smaller than that under the pipeline, while the vertical downward force on the pipeline greater than the upward force according to the Bernoulli equation. With the increase of scour depth, the maximum horizontal hydrodynamic forces reduce and the vertical hydrodynamic forces grow. The trend of hydrodynamic forces at different scour depths is illustrated in Figure 28 . With the increase of scour depth, the maximum horizontal hydrodynamic forces reduce and the vertical hydrodynamic forces grow. The trend of hydrodynamic forces at different scour depths is illustrated in Figure 28 . 
Conclusions
Using the SIFOM-FVCOM system, a modeling study is carried out on hydrodynamics at submarine pipelines under the force of tidal currents. The main conclusions are summarized below. Through the comparison between the numerical results and experimental measurements, the simulation accuracy of SIFOM-FVCOM modeling is verified. Depending on this modeling, the influence of pipeline diameter, tidal amplitude and water depth on the hydrodynamic forces acting on the pipeline is investigated. It is concluded that with the increase of pipeline diameter and tidal amplitude, the hydrodynamic forces on the pipeline increase. However, the hydrodynamic force decreases with the water depth increasing. Besides, flow structures around the pipelines are also revealed under different conditions. Since the period of tide is very long and the velocity changes slowly, the falling vortex behind the pipeline appears flat and long, while the period of vortex shedding is relatively long and the swirl evolves slowly as well. In the meantime, the seabed also affects the formation of the whirlpool to some extent. Furthermore, the maximum corresponding hydrodynamic forces on the pipeline are empirically formulated as a function of the Froude and Reynolds numbers. According to the real cases in the submarine pipeline engineering, the hydrodynamics around the suspended submarine pipeline is researched. When the seabed scour appears around the pipeline, the pipeline is in the suspended state. The results show that with the increase of scour depth, the hydrodynamic forces on the submarine pipeline decrease.
This paper demonstrates the capability of the SIFOM-FVCOM system in direct numerical simulations of high-fidelity multi-physics phenomena at vastly distinct scales, which is more 
Using the SIFOM-FVCOM system, a modeling study is carried out on hydrodynamics at submarine pipelines under the force of tidal currents. The main conclusions are summarized below. Through the comparison between the numerical results and experimental measurements, the simulation accuracy of SIFOM-FVCOM modeling is verified. Depending on this modeling, the influence of pipeline diameter, tidal amplitude and water depth on the hydrodynamic forces acting on the pipeline is investigated. It is concluded that with the increase of pipeline diameter and tidal amplitude, the hydrodynamic forces on the pipeline increase. However, the hydrodynamic force decreases with the water depth increasing. Besides, flow structures around the pipelines are also revealed under different conditions. Since the period of tide is very long and the velocity changes slowly, the falling vortex behind the pipeline appears flat and long, while the period of vortex shedding is relatively long and the swirl evolves slowly as well. In the meantime, the seabed also affects the formation of the whirlpool to some extent. Furthermore, the maximum corresponding hydrodynamic forces on the pipeline are empirically formulated as a function of the Froude and Reynolds numbers. According to the real cases in the submarine pipeline engineering, the hydrodynamics around the suspended submarine pipeline is researched. When the seabed scour appears around the pipeline, the pipeline is in the suspended state. The results show that with the increase of scour depth, the hydrodynamic forces on the submarine pipeline decrease. This paper demonstrates the capability of the SIFOM-FVCOM system in direct numerical simulations of high-fidelity multi-physics phenomena at vastly distinct scales, which is more advantageous than existing models in some extent. The results presented in this paper might be useful and advisable in the mechanism of the flows and the research of pipeline in the real marine environment from an engineering point of view. 
